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I. INTRODUCTION
Atmospheric pressure plasma jets (APPJs) leverage a channel of noble gas created in air as a guide for an ionization wave (IW), the guided streamer, to deliver plasma produced activation energy to surfaces. 1 The resulting production of UV/VUV radiation, charged and reactive oxygen and nitrogen species (RONS) have motivated the use of APPJs for medical applications, from deactivation of bacteria to cancer treatment. [2] [3] [4] [5] [6] [7] Recent investigations of APPJs have addressed surface functionalization 8 of various plastics, interaction with liquids, 9, 10 and etching. 11, 12 The parameters in these studies include the distance between the plasma jet and the surface (touching or not-touching), the adjacency of the electrical ground and the electrical properties of the surface being treating. These parameters, in turn, modify the characteristics of the APPJ, in some cases significantly affecting the plasma properties. For example, in recent experiments, the material of the target being treated by an APPJ was varied, with the result being a significantly different response of the plasma. 13, 14 Recent computational investigations have also been conducted into the behavior of APPJs interacting with surfaces. 15 The source of this sensitivity of APPJs to the electrical composition of the surface results, to first order, from the surface being an element in the electrical circuit of the APPJ. Power is applied to the electrodes of the APPJ through which current is delivered to the plasma. The current, in the form of conduction and/or displacement current, must return to electrical ground while conserving the total current through the circuit. Some of this current returns to ground through displacement current terminating on grounded surfaces surrounding the APPJ, and some of this current returns to ground through the surface being treated. If that surface is a dielectric, the current returning to ground through the surface charges its capacitance, which in turn reduces the voltage drop across the APPJ. This effect is the basis of the dielectric barrier discharge (DBD) in which virtually all the current returns to ground as displacement current through a dielectric.
In some applications of the APPJ treating a surface, the composition of the surface does not significantly vary from case to case. For example, the APPJ treatment of plastics for surface functionalization to modify the hydrophobic nature of the surface has a negligible effect on the bulk electrical properties of the material. 16 In other applications, the electrical properties of the surface may significantly vary from case to case. For example, in plasma medical applications, the permittivity of a wound can differ depending on the state of the wound during the healing process, and whether the wound is wet or dry.
In this paper, we report on results of a computational investigation of an APPJ sustained in He/O 2 flowing into air which is incident onto a surface whose electrical properties are varied. The surface is a thin dielectric whose relative permittivity, e r , is varied from 2 to 80, or is a metal. To simplify the investigation, we have assumed that the dielectric materials are ideal and so have zero electrical conductivity. The study is limited to a single discharge pulse onto each surface. The consequences of the electrical properties of the treated material on the properties of the APPJ are discussed. Through the high voltage portion of the pulse, high relative permittivity promotes a faster, more intense, ionization wave that leads to the formation of a more conductive channel between the pin electrode and the treated surface. The higher capacitance resulting from the higher e r leads to more charging at the surface which results in a higher electric field at the surface of the material. The lower permittivity has a weaker ionization wave with less production of charged species and key neutrals within the conductive channel. However, the lower permittivity promotes penetration of the electric field into the material as well as the creation of a surface ionization wave (SIW).
Following a brief description of the model in Sec. II, characteristics of the APPJ onto surfaces having different electrical properties during and after a single discharge pulse are discussed in Sec. III. Concluding remarks are provided in Sec. IV.
II. DESCRIPTION OF THE MODEL
The two-dimensional cylindrically symmetric model used for this computational investigation is nonPDPSIM, whose algorithms are discussed in Ref. 19 . Briefly, nonPDPSIM is a plasma hydrodynamics model that solves Poisson's equation simultaneously with charged species transport using fully implicit techniques. Using time-slicing techniques, the electron energy equation with transport coefficients provided by solutions of Boltzmann equation for the electron energy distribution, neutral species transport equations, radiation transport and Navier-Stokes equations for bulk fluid transport are sequentially integrated. During the discharge pulses, time steps for modules vary from picoseconds for charged particle transport to hundreds of ps for fluid transport. The reaction mechanism discussed in Ref. 20 , includes 51 neutral and charged species and 441 reactions.
The computational configuration uses an unstructured mesh and addresses a downward pointing plasma jet incident onto a surface of varying electrical composition. The computational domain is 19.5 mm by 8.8 mm, and has 7200 nodes of which 5400 are plasma nodes with various refinement zones as shown in Fig. 1 . The unstructured, triangular mesh had spacing of 50 lm at the tip of the electrode, 100 lm at the surface of the dielectric, and 300 lm in the periphery of the mesh. Experiments for APPJs have used confining tubes ranging from one to a few mm in diameter to nearly a centimeter in diameter, with flow rates ranging from a few slm to 15 slm of either helium or argon. [21] [22] [23] [24] In this modeling investigation, the base case is a He/O 2 ¼ 99.8/0.2 gas mixture at atmospheric pressure flowing through a 1.6 mm diameter tube at 4 slm. Although this geometry is intended to be representative of the general class of APPJs, the electrode orientation and dimensions were inspired by the kINPen developed by the INP Greifswald. 24 Humid air (N 2 /O 2 /H 2 O ¼ 79.5/20/0.5) flows coaxially around the tube from the top surface at 4 slm to reduce the propensity for shear instabilities. All injected gases exit through a side port which is grounded. The material surface is 7.5 mm from the exit of the tube. The ring electrode has been treated as a dielectric for these simulations.
The electrical properties of the materials of the surface upon which the jet is incident were selected based on possible applications of APPJs. The relative permittivity (e r ¼ e/e o ) of the material has values of e r ¼ 2, 5, 10, and 80, and metal. The low value of e r ¼ 2 represents organic polymers, such as polyethylene (e r ¼ 2.25) and fluorocarbon polymers, such as Teflon (e r ¼ 2.1). 25 An intermediate value of e r ¼ 5 was chosen to represent biological tissue. 26 An additional intermediate value of e r ¼ 10 was chosen to represent materials, such as glass (e r ¼ 5-10), graphite (e r ¼ 10-15), and silicon (e r ¼ 11.7). 25, 27 Liquid water surfaces are represented by e r ¼ 80. The metal surface provides a reference. All non-metal materials had zero electrical conductivity. Treating tissue for wound healing by the ionization waves in APPJs is electrically similar to a floating dielectric barrier discharge with a poorly defined ground reached through the impedance of the patient. This situation, which varies from patient to patient, adds important variability to the process. This variability is, however, difficult to systematically address. In order to enable comparisons, we chose this simpler geometry. The thickness of the material was fixed at 5 mm in order to allow propagation of the electric field into the dielectric material prior to reaching the ground plate beneath the material. 
III. APPJ PROPERTIES DEPENDENT ON SURFACE COMPOSITION
In each case, the He/O 2 mixture was first flowed through the tube and into humid air to establish the flow field, typically for 8 ms. The steady state flow field is shown in Fig. 2 for He, O 2 , N 2 , and H 2 O. The average speed of the flow in the dielectric tube is 42 m/s corresponding to a Reynolds number of 630 indicating laminar flow. 28 After the profile was established, one À15 kV pulse was applied to the pin electrode creating the discharge and launching an ionization wave. The voltage pulse has a 5 ns rise time, 75 ns duration at À15 kV and a 20 ns fall time to zero for a total duration of 100 ns. There is no ballast resistance in series with the discharge. In each case, an ionization wave (IW) is launched at the pin electrode and propagates through the helium channel inside the tube, out of the tube into the ambient air and strikes the surface. The properties of the APPJ will be discussed early during the pulse when the ionization wave touches the surface, 10 ns after the IW touches the surface, 80 ns which is the end of the high voltage portion of the pulse, and 100 ns which is the time the voltage is terminated.
In summary, the electron avalanche quickly moves from the tip of the pin electrode to the inner wall of the discharge tube, charges the wall until the exit of the tube, and then moves on axis upon exiting the tube. The effluent is near room temperature; however, the plasma bullet is typically 2-3 eV in the head of the ionization wave 29, 30 with an electron density ranging from 1-2 Â 10 13 cm À 3 . 7 The structure of the guided streamer is similar to a conventional atmospheric pressure streamer where space charge produced electric field enhancement in the head of the streamer generates an electron avalanche. The guided aspect of propagation results from the E/N (electric field/gas number density) required for avalanche is lower in the rare-gas dominated plume than in the surrounding air. The avalanche is then prevented from spreading laterally into the air.
A. Touching the surface
As the guided ionization wave exits the dielectric tube, the spatial distribution of the electric field is determined by many factors. The space charge in the head of the IW produces the electric field that avalanches the streamer and sustains the IW. The axial electric field in the plasma column behind the IW is determined by the conductivity of the column. The radial electric field is determined by the effective ambipolar forces that confine the IW and, inside the tube, the charging of and dielectric properties of the tube itself. All of these properties are in turn sensitive to the proximity of the electrical ground and the capacitance (or dielectric properties) of solid materials between the IW and ground. The IW is a transient phenomenon and so the current from the metal of the powered electrode to the metal of the ground contains both conduction and displacement currents. The conduction current in large part resides from the electrode through the plasma column to the head of the IW. The current transitions from conduction to displacement current in the head of IW and continues as displacement current to the ground plane.
The dielectric properties of the materials between the IW and electrical ground affect the propagation of the IW in at least two ways. First, the continuity of the electric displacement vector,D ¼ eẼ reapportions electric field magnitude from regions of larger e (here, solid material) into regions of smaller e (the gas and plasma). Second, when the conduction current of the IW and plasma column intersect with the solid dielectric, the solid electrically charges which in turn produces electric fields.
The electron temperature, T e , electron impact ionization source, S e , magnitude of the electric field, E, and electric potential contours are shown in Fig. 3 for ground-coveringdielectrics with relative permittivities of e r ¼ 2-80 and for a metal substrate. The times of the images are when the IW touches the material. The speed of the ionization wave is indicated by the time of impact time shown in the figure. In general, the speed of the IW, the magnitude of the ionization source, and the peak electric field all increase with increasing e r (and to the metal). The speed of the ionization waves increases from 5. , T e increases from 5.3 eV to 6.3 eV and the electric field increases from 22 to 28 kV/cm (85 Td-110 Td, 1 Td ¼ 10 À17 V cm 2 ) as e r increases from 2 to 80. Prior to striking the surface, the increase in these quantities saturates by e r ¼ 80, with there being little difference in peak magnitudes and spatial distribution between e r ¼ 80 and the metal surface.
The high permittivity materials create a large capacitance with no change to the surface area or distance to the electrode. Impedance, being inversely proportional to capacitance, decreases with increasing e r . The lower impedance consumes a smaller fraction of the applied voltage, thereby increasing the voltage across the electrode-to-dielectric gap relative to small e r . From another perspective, high permittivity materials exclude electric fields, thereby displacing voltage into the gap. For e r ¼ 2, this effect is small, thereby enabling voltage contours to penetrate into the dielectric. The resulting smaller voltage across the gap produces an ionization wave that is 5.5 ns slower to the surface with an electron temperature 1 eV lower than for the high permittivity material. Increasing e r to 5 produces an ionization wave that strikes the surface 3.5 ns earlier than for e r ¼ 2 with a higher electron temperature, ionization source, and magnitude of electric field in the streamer head. At the time of impact, only for the e r ¼ 2 case is there significant penetration of the electric field into the dielectric where the electric potential drop across the dielectric is >2 kV. For e r ¼ 10, the penetration of potential into the material is less than 600 V.
B. Touch 1 10 ns
At the point at which the ionization wave just impacts the dielectric, only a small fluence of electrons has reached the surface and there is little charging of the surface. At 10 ns after the ionization wave strikes the dielectric, charging of the capacitance of the surface has occurred and continues to occur. This charging has significant feedback to the properties of the plasma plume. The ionization source term (S e ), electron density (n e ), total positive ion density (N þ tot ), and total negative ion density (N À tot ) are shown in Fig. 4 for a time 10 ns after the IW strikes the surface. (Note that the absolute time is different for each material due to the difference in the speed of the IW.) The S e responds in three distinctly different ways depending on the e r of the dielectric. The first response is highlighted by the lower permittivity cases a few ns after impact. Here, the IW spreads across the surface and eventually splits from the vertical IW, forming a SIW. The SIW is sustained by horizontal components of the electric field at the surface of the dielectric. The S e in the vertical column decreases and eventually terminates due to the charging of the surface which removes voltage from the gap. This is in some ways reminiscent of a DBD. The spreading phenomenon in DBDs can lead to self-organization of the plasma filaments. 31, 32 The SIW increases in intensity for small increases in e r . For example, the S e in the SIW for e r ¼ 5, 3 Â 10 20 cm À3 s À1 is commensurate with that in the plasma column, 8 Â 10 20 cm À3 s
À1
. The second response of S e for larger e r is a restrike in which a vertical IW travels back up the conductive plasma channel away from the surface. The intensity of the restrike depends on the effective capacitance of the material and increases with increasing e r . With the increase in S e in the restrike, the SIW decreases in intensity relative to the plasma column. The third response of S e is the establishment of a conduction channel between the surface and the electrode at e r ¼ 80 and for the metal substrate. This conduction channel coincides with the termination of the SIW. For example, S e in the SIW for e r ¼ 80, 5 Â 10 20 cm À3 s
, is small compared to that in the plasma column, 6 Â 10 21 cm À3 s À1 . For the metal surface, S e in the plasma column is 9 Â 10 21 cm À3 s
with there being essentially no SIW due to the lack of a horizontal component of the electric field at the surface of the metal. The dominance of the restrike or the SIW is largely a function of the charging of the dielectric. The SIW is sustained by horizontal components of the electric field produced by surface charging of the dielectric. This surface charging is at the expense of the vertical electric field and is the basis of operation of DBDs where voltage is removed from the gap prior to arcing. The smaller e r and so smaller capacitance results in a smaller RC time constant for charging the surface, more rapid production of the horizontal component of the electric field that sustains the SIW and more rapid depletion of the vertical electric field. At the other extreme, with a metal substrate, there is no charging of the surface and a horizontal component of the electric field cannot be supported, at least at the surface. As a result, the SIW fails to significantly form. In this case, in the absence of a ballast resistor, the full voltage remains across the gap. With increasing e r , a transition occurs between two states. The first is surface charging, production of lateral electric fields and an SIW. The second is a fully sustained conduction channel and a restrike that eventually returns into the tube to connect with the electrode. At touch þ 10 ns, the e r ¼ 80 case combines the characteristics of the grounded case in which a fully developed plasma column connects the surface and the electrode, with the beginning of the formation of an SIW. As long as there is a finite capacitance, given a long enough voltage pulse, the surface will eventually charge, an SIW will eventually be formed and the S e in the vertical column will eventually diminish. For example, for e r ¼ 80, the SIW separates from the vertical plasma column 17.5 ns after the impact of the ionization wave onto the dielectric.
At touch þ 10 ns, n e for e r ¼ 2 is 2 Â 10 13 cm
À3
, and is nearly an order of magnitude lower than that for e r ¼ 80 and for the metal substrate, 1.5 Â 10 14 cm À3 . As e r increases, n e in the conductive channel increases. This increase in n e is facilitated by the larger capacitance of the surface with increasing e r that enables more conduction current to flow through the channel, and more displacement current through the dielectric, prior to charging of the capacitance. The lower n e in the plasma columns with lower e r is partially compensated by greater spread of the plasma on the dielectric facilitated by the SIW. However, the electron density in the SIW is 10-100 times smaller than that in the vertical plasma column. The grounded plate enables formation of a conduction channel unimpeded by charging of the surface, albeit at the loss of spreading of the discharge on the surface.
The density of cations (positive ions) follows that of the electrons with nearly identical values at this time in the discharge. That is, the anion (negative ion) density is small. At touch þ 10 ns, the electrons and cations start to spread across the surface of the dielectric material, most clearly shown for e r ¼ 2, 5, and 10, following the propagation of the SIW. The spread is most rapid in the e r ¼ 10 case. In the plasma column at a distance of 3 mm from the exit of the dielectric tube, the cation having the highest density is O 2 þ , comprising 54%, 49%, 48%, 43%, and 42% of the total cation density for e r ¼ 2, 5, 10, 80, and metal surfaces. the density of anions increases as the surface is approached and increases with increasing permittivity. At 2 mm above the surface in the plasma column, the anion density increases from 6 Â 10 11 cm À3 for e r ¼ 2, to 2 Â 10 12 cm À3 for the metal substrate. At this point in the development of the discharge (touch þ 10 ns) and same location (2 mm above the surface), the dominant anion is O À formed by dissociative attachment of O 2 , and comprises 88%, 86%, 84%, 82%, and 82% of the anions for e r ¼ 2, 5, 10, and 80, and metal. O 2 À comprises the majority of the remaining anions formed through three-body electron impact attachment. The O À anion also dominates in the spread of the discharge along the surface with similar proportions.
Several key reactive species have been formed by electron impact excitation at this point in the discharge. The densities of He S), comprising between 50% and 33% of the He * density from low to high permittivity. The production of He * by electron impact with the helium feed gas has a minimum threshold energy of 19.8 eV for He(2 3 S). As a result, He * is dominantly formed in the high density, more energetic stream of electrons (T e ¼ 3-4 eV) which occurs along the wall of the discharge tube, and transitioning back to the axis of the plasma column near the exit of the tube. These excited states are important for subsequent Penning ionization and helium dimer formation. The propagation of the SIW is further shown by the concentration of He * along the surface of the e r ¼ 5, 10, and 80 materials.
The density of O atoms significantly increases with the increase in electron density in the conductive channel rising from 1 Â 10 14 to 7 Â 10 14 cm À3 as the relative permittivity increases from 2 to 80 (and metal). The O atoms are formed from electron impact dissociation of O 2 and react with O 2 and another neutral in a three-body collision in the ambient or admixture to form O 3 . The density of O atoms should increase with extension of the ionization wave further from the end of the tube into the plume where the density of O 2 from the ambient is larger. This increase in O is somewhat tempered by the loss of O atoms in forming ozone, which also increases with O 2 diffusing into the plume from the ambient. Also in the far-field, the O atoms collide with N atoms and another neutral to be a secondary source of NO, an important molecule for cell signaling.
The electronically excited N 2 * , representing the sum of the metastable N 2 (A 3 R) and N 2 (B 3 P) states, is formed from electron impact with N 2 (minimum threshold energy 6 eV) that has diffused into the helium channel. The density of N 2 * increases from 9 Â 10 14 cm À3 to 4-5 Â 10 15 cm À3 from e r ¼ 2 to 80 (and metal). The density of N 2 * is maximum on axis in spite of the N 2 diffusing into the plume from larger radius because the ionization wave propagates on axis outside the tube where N 2 is found. N 2 * provides another source of O atoms through dissociative excitation transfer collisions with O 2 . The N 2 * also provides another source of NO through its reaction with O or O 3 .
Similar to N 2 * , the hydroxyl radical, OH, is also dominantly formed from the interaction of the electrons on axis in the plume with H 2 O diffusing into the plume. As a result, the spatial profiles of N 2 * and OH are similar. As OH accumulates, it combines with itself in a three-body reaction to form H 2 O 2 . The lateral spread of the key neutrals along the material surface is best shown in e r ¼ 10 frame of Fig. 5 . The density accumulating on the surface is lower than that in the plasma channel at this point and follows the spread of the surface ionization wave and the electrons.
C. End of maximum applied voltage 80 ns
Plasma properties [T e , n e , N þ tot (cation density) and N À tot (anion density)] are shown in Fig. 6 at the end of the maximum applied voltage of the pulse at 80 ns. At this time, the low permittivity materials have nearly fully charged and removed voltage from the gap, resulting in the electric field in the gap being low. For example, at mid gap, E/N increases from 5 Td for e r ¼ 2, to 18 Td for e r ¼ 80 (and metal). As a result, at mid gap, T e increases from 1 eV for e r ¼ 2, to 2.8 eV for e r ¼ 80 (and metal). In spite of the large range of T e in the gap, the temperature is 3 eV throughout the extent of spread of the SIW. The spread of the SIW requires a minimum value of T e regardless of the value of e r . The e r ¼ 80 case combines the two trends of increasing T e in the plasma column and having a finite SIW. The maximum value of T e in the conduction channel is 2.9 eV and in the SIW along the surface is 3 eV. Although the spatial distribution of n e is less sensitive to e r , the spatial distribution of T e depends on e r . Subsequently, the rates of formation and accumulation of the charged species on the different surfaces and in the conduction channel are largely influenced by T e .
For all values of e r , the electron density increases during the voltage pulse and is maximum at the end of the high voltage portion of the pulse at 80 ns. In the plasma channel, 2 mm from the end of the dielectric tube, the electron density increases from 4 Â 10 13 cm À3 for e r ¼ 2, to 7 Â 10 14 cm À3 for the metal substrate. The conductivity of the channel increases proportionally to the permittivity. The maximum density in the spread of electrons along the surface increases with permittivity as well from 1.5 Â 10 12 cm À3 for e r ¼ 2 to 3 Â 10 13 cm À3 for e r ¼ 80. Although the peak electron density at the surface increases with increasing e r , the spatial extent of the SIW decreases with increasing e r .
The density of cations, N þ tot , follows that of the electron density in the conductive channel increasing with increasing permittivity by an order of magnitude from e r ¼ 2 (4 Â 10 13 cm À3 ) to e r ¼ 80 (7 Â 10 14 cm À3 ). Similarly along the surface of the material, the maximum N tot þ increases from 2 Â 10 12 cm À3 to 2 Â 10 13 cm À3 for e r ¼ 2 to e r ¼ 80, while again the spatial extent decreases with increasing e r . In the plasma channel, O 2 þ is the dominant anion comprising 60-80% of the total cation density (higher percentage at lower e r ) with He þ accounting for up to 20% of the cation density for e r ¼ 80 and the metal substrate. In the lower permittivity cases (e r ¼ 2, 5, and 10), N 4 þ is the second most prevalent cation contributing between 10 and 20% to the total. At the surface of the dielectric material, the cations are dominated by O 2 þ with one to two orders of magnitude drop for the next most prevalent cation (N 4 þ ). Over the length of the pulse, the higher rate coefficient for electronion recombination for N 4 þ (1. At the end of the high voltage portion of the discharge pulse, anions accumulate near the surface of the dielectric material and spread across the dielectric as they are formed by electron impact. This distribution of anions reflects the greater degree of diffusion of the ambient air into the plasma column and SIW, the further from the exit of the discharge tube. Unlike electrons and cations, the maximum density of anions occurs near the tip of the confining dielectric tube. At this location, a large density of low energy electrons is produced at the first interface of the He dominated plume with the ambient humid air. These low energy electrons then quickly attach to O 2 forming O 2 À . Following the production of electrons, but with less dramatic increases, the range of anion density increases from 1. , also 2/3 of the total due to the values of T e being similar in the SIW. The remainder of the anions is dominantly O 2 À . The neutral species that will contribute to the production of the nearÀterminal reactive species (i.e., O 3 , N x O y , H 2 O 2 ) are shown in Fig. 7 at the end of the 80 ns high voltage portion of the discharge pulse. The lifetime of He * against quenching by Penning ionization at mid-gap is 35 ns for e r ¼ 2. So in the absence of continuous production, He * can be depleted during the discharge pulse. As the E/N decreases in the plasma channel with decreasing e r , the rate of production of He * decreases and so the He * is increasingly quenched in the absence of production. With increasing e r , and increasing E/N, the rate of production of He * is maintained and is competitive with quenching. The density of He * at 80 ns increases from 2 Â 10 13 cm À3 for e r ¼ 2, to 6 Â 10 13 cm À3 for e r ¼ 80. Over the 50 ns from the ionization wave touching the dielectric to the end of the high voltage discharge pulse, the densities of the remaining key neutrals, O, N 2 * and OH, increase both in the plasma channel and along the surface. In spite of initially being produced in the tube, the density of O increases in the conduction channel as the electrons and N 2 * accumulate, both dissociating O 2 by either direct electron impact or excitation transfer. The highest density of O atoms, 2 Â 10 16 cm
À3
, is again with the metal substrate and increases by an order of magnitude from 5 Â 10 14 cm À3 for e r ¼ 2, to 8 Â 10 15 cm À3 for e r ¼ 80. The spread of O atoms along the surface is greater for e r ¼ 2, 5 and 10 compared to 80 due to the reduction in the SIW, but the largest density at the surface, 2 Â 10 15 cm
, occurs for e r ¼ 80. This spatial spread was observed by Yonemori and Ono who measured the radial distribution of O atoms in an APPJ incident on rat skin albeit with the effects of accumulation raising the density higher on the surface than in the plasma jet. 37 The density of N 2 * increases by an order of magnitude from 5 Â 10 15 cm À3 to 5 Â 10 16 cm À3 for the metal substrate between touching þ 10 ns to the end of the high voltage portion of the pulse at 80 ns. The density of N 2 * increases by a lesser degree over this time with lower permittivity. The charging of the dielectric and reduction in E/N (and T e ) in the plasma column with lower e r essentially terminates production of high threshold energy species, such as N 2 * . For the higher e r and metal substrates, the continuing conduction current (and restrike) maintains production of high threshold energy species for the duration of the discharge pulse. As in the distribution of ions, the tradeoff is in the spatial distribution of excited states. The conversion of conduction current in the plasma column into current in the SIW for low e r results in a greater spatial extent of N 2 * along the surface, here maximizing for e r ¼ 10 to a distance of 3.9 mm. Although the spread of N 2 * is spatially more pronounced with lower permittivity, its density is higher at the surface (6 Â 10 15 cm
) for e r ¼ 80. Following the trends of N 2 * , the production of OH increased for all cases over the duration of the pulse (touching to 80 ns), nearly doubling to 1 Â 10 12 cm À3 with e r ¼ 2 to increasing by a factor of 20 (8 Â 10 13 cm
) for the metal substrate. This increase in OH density has been experimentally observed at a similar value (1 Â 10 14 cm
) for a metal target by Riès et al. 37 The predicted OH density for the e r ¼ 10 case compares well with the measured OH density on axis above a glass surface observed by Yonemori and Ono. 38 The charging of the dielectric removes voltage from the gap, thereby reducing Joule heating, electron density, and radical production in the plasma column. This voltage ultimately appears in the dielectric. The absence of a significant electric field in the conduction channel for e r ¼ 2, 5, and 10 not only decreases the current density but also limits the Joule heating produced by these discharges. For example, the electric fields at the end of the high voltage discharge pulse are shown in the conduction channel and dielectric in Fig. 8 . Increasing e r decreases the voltage and the subsequent electric field propagation into material from 36 kV/cm for e r ¼ 2, to 23 kV/cm for e r ¼ 80. At a depth of 1 mm into the surface, or the bottom edge of Fig. 8(b) , the magnitude of the electric field ranges from 28 kV/cm for e r ¼ 2, to 13 kV/cm for e r ¼ 80. Following the trend at touch þ 10 ns, the potential drop across the dielectric is greatest for e r ¼ 2 at 10 kV decreasing to a penetration of potential of 3 kV for e r ¼ 80.
The extent of the spread of the surface ionization wave and region of high electron temperature follow from the region of high electric field in the plasma above the material surface. In order to conserve current, the low dielectric constant material requires a larger time rate of change of the electric field leading to the higher electric fields in the material. This maintains the displacement current at the interface to be similar to the conduction currents through the plasma region. The metal target provides a direct path to ground for the conduction current without electric field enhancement at the surface.
D. End of voltage pulse (100 ns)
The formation of the plasma column in the atmospheric pressure guided streamer follows the same conceptual precepts as in a conventional low pressure glow discharge sustained in a dielectric tube. An ambipolar electric field is produced in the radial direction to confine the more mobile electrons and accelerate the less mobile positive ions to have equal radial fluxes. The end result is an electropositive plasma-a small net positive charge density in the plasma column. The majority of the positive charge resides at the edge of the plasma column where the ambipolar electric field is the largest. In a low pressure, glow discharge, the negative charge that balances the electropositive charge in the plasma column resides on the inside surface of the discharge tube. This negative charge results from the more mobile electrons that initially leave the plasma and so create the positive space charge. A similar process occurs in the atmospheric pressure guided streamer. However, since there is no tube on which the diffusing negative charge resides, the negative charge takes the form of a negative space charge layer bounding the positive space charge layer. Due to the streamer being bounded by the ambient air, the negative space charge layer is eventually dominated by negative ions as the low energy electrons attach to O 2 . The negative ions are dominantly O 2 À near the exit of the tube where T e is smaller, and transitioning at the midgap to O À formed by dissociative attachment to O 2 and attachment of low energy electrons to previously formed O atoms.
These trends are shown in Fig. 9 where the positive space charge, negative space charge, magnitude of the electric field, and electric potentials are shown at 100 ns, the termination of the voltage pulse, for e r ¼ 5 and 80, and metal substrates. The electric fields and potentials, with enlargement of the plasma-dielectric interface, are shown in Fig. 10 for all cases. The boundary of the plasma column is defined by the positive space charge layer which itself is bounded by the balancing negative space charge layer. In between is the ambipolar electric field produced by this dipole-like structure. For that portion of the plasma column that is inside the tube, the positive space charge bounds the tube and the negative charge is largely on the tube.
As the voltage pulse falls from À15 kV to 0 kV from 80 ns to 100 ns, most electrons in the boundary layer attach to form negative ions. The heavier cations remain in place and form an ion matrix. The resulting radial electric field is then largely sustained between the positive and negative ion matrices. As e r increases, the magnitude of the ion matrix sustained electric field decreases from 34 kV/cm (132 Td) for e r ¼ 2 to 19 kV/cm (73 Td) for e r ¼ 80. These trends in electric field are produced by a decreasing charge density bounding the plasma column. The maximum total positive charge is 2 Â 10 12 cm
À3
for e r ¼ 5 compared to 1 Â 10 12 cm À3 for e r ¼ 80. The balancing negative ion matrix has a lower peak density (for example, 2 Â 10 11 cm À3 for e r ¼ 5) due to its larger volume. The charge balance and resulting electric fields are in some cases dominated by the surface charging. With the pin electrode inside the tube now at ground potential, the negative charge on the surface represents a negative voltage source which produces a À4 to À5 kV potential drop. The resulting electric fields are shown in Fig. 10(b) . Here, the maximum magnitude of the electric field at the surface has the opposite trend of the electric field produced by the ion matrices in the gas phase. The local electric fields at the surface increase with increasing permittivity with these maxima having a smaller spatial extent. A larger charge accumulates on the higher capacitance, higher permittivity materials as shown in Fig. 6 . When the applied voltage is removed, this larger accumulated charge produces a larger electric field at the surface in the gas. As shown in Fig. 10(b) , increasing permittivity increases the magnitude of the surface electric field from 40 kV/cm (170 Td) for e r ¼ 2 to 108 kV/cm (400 Td) for e r ¼ 80.
The distribution of charge in the vicinity of the surface has two components, as shown in Fig. 11 for e r ¼ 5 and 80, and for the metal. There is negative charge deposited on the surface of the material and positive space charge density in the plasma above the surface. The positive space charge results from a positive-ion matrix sheath-the more mobile electrons flowed from this region into the surface leaving behind the ion matrix sheath. For the low permittivity case (e r ¼ 5), the smaller RC time constant for charging the surface and the more rapid spread of negative charge produces comparable charge densities on the surface (negative) and in the sheath (positive). The end result is a lower intensity electric field 75 kV/cm (286 Td). The high permittivity case (e r ¼ 80) has nearly an order of magnitude lower positive charge density (2 Â 10 13 cm
) in the ion matrix sheath compared to the negative charge (1 Â 10 14 cm
) on the surface. This situation results from electron current flowing through the ion matrix sheath to the surface to charge the larger capacitance. This large imbalance produces an electric field of 108 kV/cm. The positive charge density does increase with e r ¼ 80 compared to e r ¼ 5 due to the larger electron current density producing more ionization in the sheath. However, the negative charge density on the surface increases by an order of magnitude from 1 Â 10 13 cm À 3 for e r ¼ 5 to 1 Â 10 14 cm À3 for e r ¼ 80 due to the flow of electron current through the sheath to charge the capacitance. The negative charge extends further along the surface than does the positive charge, a consequence of the negative SIW that is sustained by negative space charge at its leading edge.
These trends apply to non-conducting material which translate to an infinite dielectric relaxation time, e/r. Materials with finite conductivities and a finite dielectric relaxation time will dissipate the surface charge. At one extreme, the metal does not accumulate surface charge because that charge is virtually instantly dissipated. The electric field produced at the surface of the metal substrate is due to an anode sheath created by the accumulation of positively charged species near the surface as the electrons flow into the metal. The negative charge that extends from above into the frame of Fig. 11(c) for the metal surface is from the lower extent of the anions that forms the ion-matrix, ambipolar, electric field that confines the plasma column. It is not due to surface charging.
IV. CONCLUDING REMARKS
By changing only the relative permittivity of the material upon which an APPJ is directed, significant effects on the dynamics of the discharge, production of charged and reactive species, and the behavior of the electric field are realized. Increasing the permittivity increases the speed of the ionization wave to the surface, increases the electron density and subsequent ion density in the plasma column. The larger electron density and higher electron temperature in the conduction channel and at the surface of the high permittivity materials over the pulse duration increase the production of key neutrals of interest to biological applications created by the discharge. A lower permittivity enables greater spread of the plasma along the surface by propagation of the surface ionization wave, and allows more penetration of the electric field into the material.
By using a pulse length of 80 ns for the maximum applied voltage, we believe that we have captured the unique properties of APPJs when transitioning from low-to-high permittivity substrates. For example, with low permittivity materials, the electric field penetrates completely into the material and the SIW is well established. For pulse lengths longer than 80 ns with low e r , we expect the SIW to continue to spread until the applied voltage is insufficient to generate the avalanching electric field at the head of the SIW, at which time it will quench. There will be little gas heating. For longer pulses with high e r materials, the dielectric will eventually charge, which will launch more aggressive SIWs. The higher currents during this time will produce greater gas heating. With the metal substrate, a glow to arc transition will eventually occur.
The dynamics of the fall of the voltage pulse revealed that the development of an ion matrix electric field at the edge of the conductive channel, and the electric field at the surface was influenced by the permittivity of the material as well. The ion matrix produced ambipolar electric field surrounding the plasma column is larger for lower permittivity materials and is produced from the greater number of negatively charged species remaining in the plasma region. The electric field remaining at the surface resulting from electron charging increases with increasing permittivity.
